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N o  esperem el blat 

sense haver sembrat, 

no  esperem que l'arbre doni fruits sense podar-lo; 

l'hem de treballar, 

l'hem d 'anar a regar, 

encara que l'ossada ens faci mal. 

Enterrem la nit, 

enterrem la por. 

Apartem els nu'vols que ens amaguen la claror. 

Hem de veure-hi clar, 

el cami  i s  llarg 

i ja no  ten im temps d'equivocar-nos. 

Cal anar endavant 

sense perdre el pas. 

Cal regar la terra amb la suor del dur treball. 

Cal que neixin Bars a cada instant. 

Lluis Llach 



Preface 

This report is written as my final design project for the Mechatronics Design Program at the 

Stan Ackermans Institute (SAI). This project is done within the Medical Robotics Group at 

the Eindhoven University of Technology (Departments of Mechanical Engineering & Biomed- 

ical Engineering). 



Abstract 

The state-of-the-art in Robotic telesurgery as being available for minimal invasive surgery 

(MIS) is to provide haptic feedback to the hand of the surgeon. That is, the surgeon that 

remotely controls the instruments wants to have the ability to distinguish between different 

tissues and organs during operation. However, the current master-slave teleoperator systems 

do not provide force information to the surgeon, so surgeon needs to carry out much training 

before being able to perform delicate medical tasks. In order to provide haptic information 

sensors have to be added to the slave and actuators to the master. A control system should 

process the data and make a coupling between slave and master. 

Furthermore, one of the major current problems when designing a control system for master- 

slave systems, is the enormous changes in the environment characteristics. When operating a 

patient, the surgeon palpates soft tissues and organs like the intestine or the fallopian tubes, 

as well as stiff tissues and organs like ovaries and bones in order to conclude a valid diagnostic. 

This means, that the controlled master-slave system has to provide robust performance and 

stability against such different environments. 

In order to get a better insight into master-slave systems, in this project we investigate the 

haptic control design of one degree-of-freedom master-slave set-up available in our laboratory. 

To this end, we focus primarily on model-based control design within the framework of H, 

optimization. Three different control designs have been studied. First a plain H, design, 

robust for unstructured uncertainties, and based on performance requirements which are 

straightforward: matching of position and force of the slave and the master device. Second, 

a Linear Parametrically Varying (LPV) controller, which improves performance and it is 

adaptable for changes in tissue characteristics. The tissue is modeled as a second order 

linear mass-spring-damper system with the stiffness and damping parameters being uncertain. 

Finally, a passive controller is designed based on the formalism of passivity as a performance 

measure, which we believe is a sufficient condition to guarantee haptic feedback. 

Simulation experiments have been carried out for each of the designed controllers considering 

linear time-invariant and time-variant parameter uncertainties in the environmental system. 

The three designs results to be robust against a defined range of uncertain tissue parameters. 
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Chapter 1 

Introduction 

During the last quarter of the 20th century, and especially during the last decade, many 

surgery procedures have experienced a turnover on the way they are performed. These sur- 

gical procedures are focussed on less or minimal invasiveness, which offers many benefits to 

patients compared to traditional (open) surgery. The so-called Minimal Invasive Surgery 

(MIS) allows surgeons to perform operations with minimal injury to the body. This results in 

more rapid recovery and a faster return to normal living for the patients. Unfortunately, these 

techniques have some disadvantages compared to traditional techniques: the reduced access 

at  the surgical scene or the decreased capability of the surgeon to feel what he is touching 

inside the patient, are some examples. 

Some of the disadvantages of using conventional minimal invasive surgery can be overcome 

by using Robotic Telesurgery, a new trend of MIS techniques where a master-slave robot can 

replace the conventional minimal invasive instruments. These master-slave robots are systems 

where the direct contact between the surgeon and the patient is uncoupled. This is done using 

a remote system that transmits the motion of the surgeon's hand to  the instruments placed in 

the patient's body. The present generation of teleoperated master-slave systems solves part 

of the current problems of the conventional MIS but not all of them. Its major limitation is 

the lack of haptic feedback, i.e., the surgeon that remotely controls the instruments losses the 

ability to  discriminate between different tissues and organs during operation. 

This chapter aims to  introduce the above mentioned concepts in more detail. The first and 

second section gives the reader a more extended introduction about Minimal Invasive Surgery 

and Robotic Telesurgery. The haptic concept is defined in the third section and finally the 

problem statement is given in the fourth section. This project is a continuation of the master 

thesis of Rovers [39], [40], who designed a one degree-of-freedom (DOF) master-slave setup. 

Extended information about MIS, Medical Robotics, Haptic Feedback can be found in the 
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afore-cited references. 

1.1 Minimal Invasive Surgery (MIS) 

Minimally invasive surgery (MIS) is a surgical technique which is becoming a method of 

choice over traditional (open) surgery and it covers a wide range of surgical procedures. it 

is minimally invasive in the sense that the surgeons operate through tiny incisions. Tubes 

(trocars) are inserted into the incisions and tiny instruments, such as video cameras and 

cutting tools, are slipped through them. Also known as endoscopic surgery, MIS refers to a 

growing number of surgical procedures that achieve the same surgical results as traditional 

operations, but are performed with much smaller incisions and little or no cutting of healthy 

tissue1. 

Conventional MIS instruments offer many benefits to patients in comparison to  traditional 

surgery. The main advantage of this technique is the reduced damage to healthy tissue, 

which is the major reason for post-operational pain and long hospital stay of the patient in 

traditional surgery. Furthermore, minimally invasive procedures result in less blood loss, less 

pain, minimal scarring and a significant shortened recovery period for patients. It has been 

noted that this technique can also result in fewer post-operative infections, fewer complications 

and better long-term results [43], [44]. 

Some of the more common minimal invasive operations are: laparoscopy (abdominal cavity), 

thoracoscopy (chest cavity), arthroscopy (joints), pelviscopy (pelvis), and angioscopy (blood 

vessels). Figure 1.1 shows the location of the trocar, the instrument and the visual camera 

for laparoscopic surgery. 

Instrument Trocars 

I \ d 1 

Video camera/ 
Abdominal Wall / Tissue / 

Figure 1.1: Laparoscopic Surgery 

 he damage done to  the skin, muscle, connective tissue, and bone to reach the region of interest. 
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The other side of MIS, unfortunately, is the surgeon's point of view: the surgeon has no direct 

view on the surgical scene and his accessibility is being reduced due to the tiny incisions. As 

a result of the reduced access, dexterity is significantly reduced because of the loss of DOF's 

compared to traditional instruments. Besides the reduced dexterity, there is fulcrum effect 

at the entry point of the instrument, i.e., the motion of the tip of the instrument, which is 

placed inside the patient, and the external part of the instrument, which is handled by the 

surgeon, are reversed. This results in more difficult instrument handling and requires specific 

and extensive surgical training of the surgeon [lo], 1381, [44]. Figure 1.2 clarifies the concepts 

of dexterity and the fulcrum effect. 

Furthermore, the transmission mechanism of these elongated MIS instruments exhibits friction 

and backlash. Hence, the information received by palpation during open surgery, such as 

locating arteries and tumors hidden in tissue, is significantly reduced. Moreover, as the 

instruments get longer, the surgeon's natural tremor is augmented. 

I~~strurnent Abdominal Wall 

a) b) 

Figure 1.2: a) Dexterity of the MIS instrument. b) Fulcrum effect. 

The next section explains how Robotic Telesurgery solves many of the problems of using con- 

ventional MIS, while providing more sophisticated advantages. The importance of palpation 

during surgery and its relation with haptics is explained in section 1.3. 

1.2 Medical Robotics 

The development of robotics in medical applications has been increased over the last decade. 

Despite the existence of many medical areas where robotics is currently being applied, our 

interest in robotics is centered on surgical procedures. Focused on MIS procedures, the next 

section introduces Robotic Telesurgery, a new trend to perform minimal invasive operations. 
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1.2.1 Robotic Telesurgery: Master-Slave Teleoperator Systems 

Minimal invasive surgery itself is teleoperation since the surgeon is physically separated from 

the workspace. In Robotic Telesurgery, the conventional MIS instruments can be replaced by 

robotic slave manipulators controlled remotely by the surgeon through a master manipulator. 

Master-slave robots are systems where the direct contact between the surgeon and the patient 

is uncoupled using a remote system that tracks the motion of the surgeon, i.e., the surgeon 

operates a master control (joystick) that causes a slave robotic arm to respond. Figure 1.3 

shows a master-slave system. 

Figure 1.3: Concept of a master-slave for surgery, from [ll] 

The master part consists of a monitor, which shows the surgical scene, and two manipulators 

(joysticks) that control the instruments placed on the slave part. The slave part consists of 

three arms controlled by the master: two arms holding the surgical instruments and a third 

arm holding a special (endoscope) camera which reproduces the surgical scene. 

The advantages of these systems are large because many of the obstacles of conventional 

MIS surgery are overcome. Dexterity is improved, the fulcrum effect is eliminated and the 

ergonomic position of the surgeon is enhanced. In addition, it is currently possible to make 

surgeries that were technically difficult or previously unfeasible. These robotic systems en- 

hance dexterity in several ways. Instruments with increased degrees of freedom greatly en- 

hance the surgeon's ability to manipulate instruments and thus the tissues. These systems 

are designed so that the surgeons' tremor can be compensated on the end-effector motion of 

the instrument through appropriate hardware and software filters. In addition, teleoperated 

systems can scale movements so that large movements of the surgeon's hand can be trans- 

formed into micromotions inside the patient. Furthermore, they eliminate the fulcrum effect, 

making instrument manipulation more intuitive. With the surgeon sitting at a remote, er- 
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gonomically designed workstation, current systems also eliminate the need to twist and turn 

in awkward positions to  move the instruments and visualize the monitor. Thus, the proper 

hand-eye coordination is restored [lo], [30], [44]. 

Nevertheless, these systems still have some disadvantages. First of all, robotic telesurgery 

is a new technology and its utility and efficiency have not been well established yet. To 

date, almost no long-term follow-up studies have been performed. Another disadvantage of 

these systems is their cost, which it is nearly prohibitive, and their operation, for which the 

surgeons need to have special training before being able to operate the robots correctly [30]. In 

addition, telesurgical procedures increase the problem of loss of feeling found in conventional 

MIS techniques so that the surgeon does not feel anything while touching the different tissues. 

At the moment two master-slave systems, based on conventional MIS techniques, are commer- 

cially available: DaVinci [20] and Zeus [50]. Force feedback is not available on these systems 

so valuable haptic information for the surgeon is lost. The haptic concept is introduced in 

the next section. 

1.3 Haptic Feedback 

Palpation is a widely used and effective tool in many medical procedures. The palpation of 

human (soft) tissues and organs can only be properly examined and identified by assessing 

its softness, viscosity and elasticity properties. Indeed, surgeons use palpation to quickly 

localize hidden tumors in tissue during open surgery. The use of conventional MIS instruments 

(see section 1.1), makes the surgeon to lose his/her ability to discriminate between different 

tissues and organs during the operation. Using Robotic Telesurgery, this abiIity completely 

disappears. In both cases, the diagnostic that palpation gives to the surgeon is not useful 

anymore and may seriously limit the efficiency and safety of the operation 1221, [32], [36], [38]. 

Haptic techniques can overcome this problem . 

Haptic comes from the Greek term, haptesthai, meaning 'to touch', and its perception is one 

of the five human senses. In contrast to the visual sense and the senses of hearing, taste and 

smell, the haptic perception has no defined sensory organ (eyes, ears, tongue, nose), but its 

receptors (i.e., sensors of the human body) are distributed all over the body. In addition, 

touching an item always involves a bi-directional flow of mechanical energy from the human 

to the item, as well as the other way around, whereas for the other senses energy is transferred 

only from the environment to the human [19]. 

The two constituents of the human haptic perception are tactile and kinesthetic sensing. Tac- 

tile sensing is provided via different kind of receptors located in the skin. They are responsible 

for sensing surface characteristics such as smoothness, and detect contacts of the human body 
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with his/her environment. Kinesthetic sensing is provided via different receptors located in 

the muscles, tendons and joints. They provide information about positions, locations, orien- 

tation, movements and forces. Kinesthetic sensing encompasses larger scale details, such as 

basic object shape and mechanical properties, for example, compliance. By combining both 

tactile and kinesthetic information signals in the brain, the final feeling of touch is created. 

In terms of devices, a haptic device is a robotic manipulator configured to convey tactile 

and/or kinesthetic feedback to the human operator. Tactile feedback deals with the devices 

that interact with the nerve endings in the skin, which indicate heat, pressure and texture. 

These devices are typically used to indicate whether or not the user is in contact with the 

environment. Force or kinesthetic feedback deals with the devices that interact with -the 

muscles and tendons to give the human a sensation of a force being applied [42], [46]. These 

devices can be classified into two categories: impedances displays and admittances displays. 

Impedances displays generate forces back to the user in response to measured displacements, 

while admittance displays generate displacements in response to measured forces. 

A master-slave teleoperated system attempts to be a haptic device. That is, in an  ideal master- 

slave setup including haptic feedback, the surgeon experiences the same forces and textures as 

if he were physically present at the remote site, i.e., touching the remote environment (tissue) 

directly. 

1.4 Problem Definition 

Master-Slave teleoperated systems are becoming a popular technique for certain procedures 

since the benefits of MIS techniques have become general knowledge. However, one of the 

major shortcomings of the present generation of teleoperated master-slave systems is the lack 

of haptic feedback. That is, the surgeon is not able to feel what he/she is touching while 

performing surgery to a patient. 

In order to re-establish this sense of feeling considering only kinesthetic sensing, different 

performance criteria were developed by different authors during the last fifteen years. The 

previous project done by Rovers [39] used a criterion based on the idea of perfect tracking of 

forces and positions. However, it would be motivating to study other control goals trying to 

fulfill, in a better way, the haptic requirement. Therefore, as a recommendation of his work, 

different performance formulations have been studied in more detail. 

One of the major current problems when designing a controller for master-slave systems, is 

the enormous change in the environmental properties. During a typical operation in the body, 

the slave part comes in touch both with (relatively) stiff materials (when grasping a needle 

or touching a bone) and soft tissues, sometimes even with nothing during free movement in 
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the air. This means that the master-slave controller should be robust against changes in the 

remote environmental system. 

The aim of this project is to design a controlled system, for the available master-slave setup, 

which restores the lack of haptic (kinesthetic) feedback. The master-slave setup is a simple one 

degree-of-freedom device, consisting of a master manipulator and a slave manipulator both 

actuated by an ordinary DC motor. In order to identify the control goals, different problem 

formulations are studied in more detail. Modei-based robust control design methodology 

(H,) is used to optimize the chosen formulations. 

Three different approaches are presented in this report. First, a plain H ,  design, robust for 

tissue properties, and based on performance requirements which are straightforward: match- 

ing of the position and force of the slave and the master device. In order to improve perfor- 

mance, a gain scheduled controller (Linear Parametrically Varying) is designed, which is able 

to adapt to changes in the environment characteristics. Finally, a third controller based on 

passivity formalism is designed within the framework of H,  optimization. 

Chapter 2 gives an overview of existing control design problem formulations as used in haptics 

literature in terms of stability and performance. The passivity based performance criterion 

is introduced. In Chapter 3 the new optimization problems are solved using model-based 

robust control design methodology (H,). Simulation results are shown in Chapter 4. Finally, 

conclusions and recommendations for future work are given in Chapter 5. 



Chapter 2 

Bilateral Control Design Problem 

Formulation for Haptic Devices 

The aim of this chapter is to present an overview of the control goals for the master-slave 

teleoperator systems. The first section introduces the general teleoperation system and the 

importance of haptics in teleoperation. The second section gives an overview of stability and 

performance requirements found in literature in order to restore kinesthetic sensing. Within 

this section, the so-called two-port network models are explained in order to understand the 

notation present in literature and in the report at hand. Finally, an overview of the available 

master-slave control architectures for haptic feedback are introduced. 

2.1 Introduction to Teleoperat ion 

A master-slave teleoperator system consists of three subsystems: the master manipulator, 

the slave manipulator and the controller which also embeds the communication channel. The 

teleoperator interacts with two other subsystems, the human operator and the remote envi- 

ronment'. The human operator moves the master manipulator, and the master manipulator 

sends the required information to the slave via the controller. The slave manipulator is con- 

trolled to track the motion imposed by the human operator, while performing a task on the 

remote environment. Thus, the (motion) information is flowing in one direction, from the 

operator to the remote environment2. However, the design goal of any teleoperator system is 

to achieve the so-called telepresence, i.e., the operator feels like he/she is touching the remote 

'In literature, the human operator and the environment are sometimes described as being part of the 

teleoperator system. 

'This explanation holds for control architectures where the motion signal is fed back to the controllers 
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environment directly without being physically there. Thus, telepresence requires feedback 

information from the environment to the operator, in order to assure good performance of 

the surgeon, while he is operating the remote site. By means of the controller, exchange of 

information between the master and the slave devices is possible. Accordingly, teleoperation 

systems are said to be controlled bilaterally. Figure 2.2 shows the master-slave teleoperated 

system with the operator and the environment systems. 

Human 

Operator 
(surgeon) +-pl+Ek~t Teleoperator 

Remote 

Environment 

(patient) 

Figure 2.1: Master-Slave teleoperated system. M, S and C represents the Master, the Slave 

and the Controller respectively. 

The information which is fed back from the environment to the operator can be provided in 

different forms. For instance, visual displays can be used such that the surgeon directly sees 

into the target operating site. However, it is not sufficient to guarantee haptic feedback. As 

mentioned in section 1.3, performing palpation tasks, requires both kinesthetic and cutaneous 

information to assure a valid diagnostic to the surgeon. Despite the importance of both 

requirements for the medical diagnosis, only kinesthetic information is going t o  be taken 

into account in this project. That is, force information needs to  be fed back to  guarantee 

kinesthetic sensing for the surgeon. 

2.2 Teleoperator control problem formulation 

In any bilateral teleoperation system design, the essential desire is to provide a good trans- 

mission of signals (positions, veIocities, forces) between the master and slave to  couple the 

surgeon as closely as possible to the remote task. The goal of designing a bilateral teleoper- 

ation, and in general for any design which involves a system to be controlled, is t o  make the 

system stable and achieve desired performance in the possible presence of time delays, plant 

disturbances, measurement noise and modeling errors. 

In order to analyze stability and performance issues in teleoperation, and to be able to un- 

derstand the terminology used in literature, the two-port model representation for bilateral 

systems is going to  be explained in the next subsection. After that, an overview of stability 

and performance is introduced. 
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2.2.1 Formulation using the Two-Port Represent at ion 

There exist different basic ways to describe linear systems. In mechanical systems, it is 

common to describe a system by its transfer function or by its state space representation. 

Transfer functions relate one output signal with one input signal, whereas in state space 

representations the relationship between input and output is defined via a finite dimensional 

state vector. In electrical systems, besides the utilization of transfer functions, another way 

to describe a system is using two-port models. 

Two-port or multi-port models are widely used in circuit analysis to characterize the behavior 

of a network with two accessible terminals for each ports. A general multi-port system is a 

"black box" which captures the relationships between currents and voltages a t  each port. 

Multi-port forms can also be used in the analysis of mechanical systems by substituting 

velocities or positions for currents (flows) and forces for voltages (efforts). At each port, 

the product of forces and velocities defines the power that the port delivers to the system 3.  

Thus, a multi-port system provides relations between the power delivered to the system at 

each port. One-port and two-port networks are depicted in Figure 2.2. 

Terminal 

One port 

Figure 2.2: (a) One-port and (b) Two-port network using mechanical notation 

Bilateral teleoperation can be viewed as a cascade interconnection of two-port and one-port 

blocks. The teleoperator system can be described as a two port network coupled together 

with two one-port blocks representing the human operator and the environment. The general 

configuration of a controlled bilateral teleoperation system using a network representation is 

depicted in Figure 2.3. 

Here, M, S and C denote the components that are generally referred to as the master, the 

slave and the controller of the system. The master is a mechanical device that interacts with 

its environment (i.e., human operator) through the force Fop and the velocity vOp (or position 

xop). Similarly, the slave interacts with its environment (i.e., patients' tissue) through the 

force Fen, and the velocity v,,, (or position x,,,). In the project a t  hand, the M and S are 

given, while the controller C needs to be designed such that the two-port system that results 

3 ~ h e  usual sign convention is that the power is positive if work is done on the system, negative if work is 

done by the system. 
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Figure 2.3: General bilaterai teleoperation system using a network representation 

from the interconnection has a desired behavior. The behavior that a teleoperator system 

has to fulfill is presented in subsections 2.2.2 and 2.2.3. 

When modeling with two-port networks, it is necessary to describe the relation between 

efforts and flows (or vice versa) of the teleoperator system as well as of the operator and 

the environment in terms of an input/output relation. Depending on how these relations are 

described, different kinematics arise. For the two-port teleoperator system, the general way 

to describe the relationship between input and output signals is using the following linear 

matrix representation: 

The above equations represent an input/output structure for a 2-port network, where the 

inputs are denoted as u = [ul u2IT, the outputs as y = [yl y2lT and SG, i , j  E 1,2, 

denotes the two-port parameters. The choice of the input/output (I/o) relation is not unique. 

That is, a two-port network can be described using three main representations: Immitance, 

Transmission or Hybrid representation as shown in table 2.1. Each representation leads to two 

different configurations. For instance, the impedance representation (first column in table 2.1) 

can be described in terms of impedance parameters, mapping from flows to efforts, or in terms 

of admittance parameters, mapping from efforts to flows. The transmission representation 

(second column in table 2.1) can be described in terms of A-parameters, mapping the effort 

and flow of port 2 to the effort and flow of port 1, or in terms of B-parameters, mapping 

the effort and flows of port 1 to the effort and flows of port 2 4. The hybrid representation 

(third column in table 2.1) maps a combination of the effort and flow of different ports to 

their respective flow and effort. 

The one-port networks, i.e., the operator and the environment, can be modeled only as 

impedances or as admittances. The impedance and the admittance are defined by the rela- 

4~ansmiss ion  representation is not commonly used when modeling Teleoperation systems for MIS surgery 



12 C h a ~ t e r  2. Bilateral Control Design Problem Formulation for Haptic Devices 

Immitance Representation 

Impedance-parameters: 
- --- 

Input/output: 

uT = [u1 u2]=[v1 v2] 

YT = [ Y l  Y Z ]  = [Fl FZ] 
Matrix Representation (2.1): 

Input/output: 

uT = [UI U Z ]  = [Fl F2] 

YT = [Yl yz]=[v1 v21 
Matrix Representation: 

Transmission Representation 

A-parameters: 

Input/output: 

uT = [UI u2]=[F2 v2] 

yT = [YI  Y Z ]  = [FI vl] 

Matrix Revresentation: 

B-parameters: 

Input/output: 

uT = [UI u2] = [Fl vl] 

yT = [Yl y21=[F2 2121 

Matrix Representation: 

Hybrid Representation 

Hybrid-parameters (HI: 

Input/output: 

x T = [ u l  u2]=[v1 F2] 

yT = [YI Y Z ]  = [FI vz] 
Matrix Representation: 

Hybrid-parameters (G) :  

Input/output: 

uT = [ul U Z ]  = [Fl vZ] 

yT = [Yl Y 2 1 = [ ~ 1  Fz] 
Matrix Representation: 

Table 2.1 : Classification of two-port parameters 

tions 

Impedance : Fi = Z(vi) or Fi = Z(xi) (2.2) 

Admittance : vi = Y (Fi) or xi = Y (Fi), (2.3) 

where for linear systems, in steady-state the impedance could be seen as the stiffness of the 

environment, and the admittance as the compliance (inverse of the stiffness) of the environ- 

ment. 

Anderson and Spong [ 5 ] ,  Hannaford [23], Colgate [16], Lawrence [31], Yasuyoshi and Yokokohij 

1481, and many others (see Table 2.4 which is provided at the end of this chapter) have 

incorporated two-port network representations for the analysis of telemanipulator stability 

and performance. Hannaford introduced a framework for the design of teleopeartors based on 

the two-port hybrid matrix. Anderson and Spong used two-port network theory to guarantee 

stability for bilateral teleoperation with time delay. 

2.2.2 Stability 

Several researchers have focussed on stability analysis for teleoperator systems. Stability of 

a teleoperator depends on the stability of the teleoperator itself, but also the human and 

the environment play an important role on the stability of the overall system. This is due 
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to the dynamics of the operator and the environment, which can be considered as integral 

parts of the teleoperator closed loop. Unfortunately, the human and the environment are 

quite unpredictable which makes the teleoperator system face arbitrary dynamical systems. 

Although the environment and the operator can be characterized as highly nonlinear dynamic 

processes, for simplicity, some researchers model them by linear time invariant (LTI) differen- 

tial equations to  enable the usage of well known linear theory both for analysis and synthesis 

purposes [21], [9]. Some authors describe them as passive dynamic systems. 

Others do not consider to model the dynamics of the operator, and consider the force of the 

human as an external disturbance to the system 1171, [48]. 

Since classical control techniques are not well adapted to the "unpredictable" problem, al- 

ternative approaches like Robust Control Theory or Network Theory, have to be explored 

in order to guarantee stability (and performance) of a haptic teleoperated system. In the 

literature review, we found that stability analysis can be broadly classified in two main fields: 

network theory and control theory. Within network theory, passive theory, scattering the- 

ory and wave theory are included, whereas control theory includes classical control theory, 

modern control theory and robust control theory. 

Network theory 

A number of researchers have investigated network models to characterize stability and per- 

formance in teleoperation. The stability of two-port models depends on its terminal one-port 

elements (operator and environment). Most of the authors base stability arguments upon the 

assumption that the human operator and virtual environment are passive one-port elements, 

i.e., they do not supply energy to the teleoperation system [5],[16], [48], [31], [I] and [25] 

among others (see table 2.4). Strictly speaking, it is not realistic to  assume that an operator 

is passive, because an operator's muscle force could be changed arbitrarily according to the 

intention [45]. However, from the perspective that the operator can manipulate a passive 

environment in a stable way, the above assumption can be taken. 

Ensuring passivity of the operator and the environment, the controller design only needs 

to guarantee passivity of the teleoperator system. A physical interpretation of passivity 

is that the system cannot generate energy, and thus, from a control point of view, a passive 

system can never become unstable [ 5 ] .  Analogously, an element is passive if it cannot produce 

energy. ExampIes are masses, inertias, springs, and dampers in mechanical systems. A system 

containing only passive elements is called a passive system. An element which can deliver 

external energy into the system is called an active element. External forces and torques are 

some examples of active elements in mechanical systems. 

Colgate states in [I61 that a necessary and sufficient condition to guarantee stability of a LTI 
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two-port coupled to an arbitrary passive network is that the LTI two-port itself is passive. 

Colgate and Hogan [17] mentioned that even if the system has an active term, the system 

stability is guaranteed unless the active term is in some way state-dependent. Here it comes 

the assumption of the role for the human operator, where his/her force can be assumed as 

a disturbance in the system. Yokokohji and Yoshikawa [48] assume that the operator input 

(Fop) acts as a disturbance of master-slave system to analyze stability via passivity. 

Control Theory 

A stability analysis based on the characteristics of a closed loop transfer function of the 

teleoperator including models of the environment and the human operator can be found in 

[21], [48]. Stability of the closed loop can be determined from the pole locations of this 

transfer function. 

Hannaford and Rayu 1211, Yokokohji and Yoshikawa [48] use the closed loop characteristic 

polynomial to analyse stability of teleoperator systems including the operator and the environ- 

mental dynamics. However, any teleoperation system must maintain stability under operator 

and environment variations. Cavugo& Sherman and Tendick [9], use a robust stability cri- 

terion for unstructed uncertainties as given in Zhou, Doyle and Glover [49]. They defined an 

upperbound for the operator and for the environmental impedance and then they checked for 

robust stability. Other authors like [27] or [25] use H,  control theory to guarantee stability 

and performance for teleoperator systems. 

Time Delay 

In bilateral teleoperation, the master and the slave manipulators are coupled via a commu- 

nication network and time delay can be incurred in transmission of data between the master 

and the slave side. Systems which are stable in the case when no time delay is present, can 

turn into unstable systems when a delay occurs. Anderson and Spong [5] introduced the 

well-known scattering formalism which preserves passivity (stability) of the communication 

channel for constant transmission delay. The scattering transformation approach in [5] or the 

equivalent wave variable transformation proposed by Niemeyer and Slotine in [35], guaran- 

tees passivity of the network block for constant delay in the communication channel. Lozano, 

Chopra and Spong demonstrate in [34] how passivity is lost in case of time-varying transmis- 

sion delay and they show that a suitable time varying gain inserted in the transmission path 

can recover passivity, provided a bound on the rate of change of the delay is known . 
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2.2.3 Performance measures 

Ideally, teleoperation has simultaneously perfect position and force tracking of the master 

and the slave manipulators. Physically this corresponds to a massless, infinitely stiff rod 

connecting the master and the slave. However, this requires infinite bandwidth and zero time 

delay, which is not possible in practice. 

Besides the fundamental requirement of stability, in the ideal master-slave setup including 

force feedback, the surgeon experiences the same forces as if he/she is touching the remote 

environment directly. In order to re-establish this sense of feeling, different criteria were 

developed during the last decade. Next, three criteria are explained in more detail: the 

transparency, fidelity, and passivity criterion. 

Transparency Criterion 

Transparency is the main form of performance measures used in teleoperation literature. 

Yokokohji and Yoshikawa defined transparency in terms of perfect tracking of both forces and 

positions [48]. Raju describes this goal in terms of impedances [37]. On either side of the 

two-port, the impedance and the admittance is defined by the relations 

Fop = Zop (vop) 7 Fenv = Zenv (venv) (2.4) 

vop = Gop (Fop) venv = Genv (Fenv) (2.5) 

In robotic telesurgery applications, a basic requirement is good tracking in free space while the 

slave is in contact with a tissue. As a performance measure, 1371 suggests that the impedance 

transmitted to the operator, ZW, is the same as  the environmental impedance Zenv. How- 

ever his definition is quite general and can not be achieved for all frequencies. Assuming the 

mapping (2.4) and (2.5) to  be linear (or linearized), Lawrence [31] defines transparency as 
( j w )  the ratio between the transmitted and the environmental impedance, T ( ~ w )  = Ze","V(jw), which 

needs to be kept close to one over a maximum bandwidth. 

Fidelity Criterion 

However, in telesurgery it is often more important to be able to detect variations in impedance5, 

rather than perceive the exact impedance of the environment. Changes in impedance provide 

valuable information in two ways. First, the interaction between instruments and tissue can 

be sensed, one can feel when a needle punctures or leaves a tissue. Second, structures hidden 

5~mpedance and admittances are equivalent in that explanation. 
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in the tissue, like blood vessels or tumors, can be detected by palpating the tissue. An at- 

tempt to formalize this is given in Cavu~o& Sherman and Tendick [9], [lo], where a fidelity 

criterion is defined as 
I I 

Here, W is a frequency dependent weighting filter, zen, is the nominal environment impedance, 

1 1  . 112 denotes the H2 norm, and differentiation is understood in the sense that the impedance 

ZOp is viewed as a fzncticn of the eovironme~tal impedance Zen,. The crikerion therefore 

reflects variations in impedance. For kinesthetic feedback, a low-pass filter with a cut-off 

frequency of about 40 Hz is used as the weighting filter W by [9], [18], and [41]. 

Transparency is one specific choice of fidelity measure which quantifies how close the trans- 

mitted impedance is to  the environment impedance [9], [lo]. 

Passivity Criterion 

A drawback of the previous performance criteria is that they impose an input-output struc- 

ture in the teleoperation system that does not necessarily correspond to the physical reality. 

Indeed, the human operator and the environment need to be modeled either by means of 

impedances or admittances in order to apply the previous criteria. That can be reflected in 

the two-port of Figure 2.3, which has no 'natural' input and output structure. 

The project at  hand proposes a performance criterion based on passivity. Some concepts need 

to be clarified before explaining this criterion. 

Consider the system 

where u(t) = col(FOp (t) , -Fen, (t)) , and y (t)  = col(vop (t) , venv (t)) . 

Suppose u(t) E U and y(t) E y where U = y = Rm have the same dimensions. 

Let S : M x y -+ R be a function defined as S(u, y) = uTy. We call S the supply function and 

consider its time dependence S(u(t) ,  y(t)) which we refer to as the power supplied on either 

side of the two-port of the teleoperator at  time t ,  p(t)6. 

The two port of Figure 2.3 represented by C is said to be dissipative with respect to the 

supply S = ~ ( t ) ~ ~ ( t ) ,  if there exists a nonnegative function V(x) representing the internal 

energy of the system, such that 

J t o  

 he sign convention is that power is positive if energy is delivered to the system. 
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Expression (2.8) states that the total energy input to the system over an arbitrary time 

interval [to, t l]  is greater or equal to the net change in energy of the system. The difference 

between the total energy input and the net change is the energy dissipated by the system. 

That is why the systems which satisfy (2.8) are called dissipative systems. A dissipative 

system is (Lyapunov) stable as it is proofed in Appendix A. 

Analogously, a system is called conservative if the first equality of equation 2.8 holds for all 

to < tl and for all trajectories. That is, 

This expresses the existence of a conservation law where V, the internal energy, is preserved 

at all time and for all possible behavior of the system. Hence, passivity requires that the 

work done on the system, i.e., the energy that the operator supplies to the teleoperator 

system in any time interval, will be equal to the energy the teleoperator system supplies to 

its environment. Taking into account that we are dealing with a bilateral teleoperator, also 

passivity requires that the energy that the environment supplies to the system a t  any time 

interval will be equal to  the energy that the system supplies to the operator. 

A system is called cyclo dissipative if 

for all T-periodic trajectories (FM, FS, VM, us) .  

Analogously, a system is called cyclo conservative if 

for all T-periodic trajectories (FM, Fs, VM, vs). 

Assuming now that for the initial time to the internal energy V ( x ( t o ) )  is zero, i.e., the system 

is at rest, and for the time t l ,  x(tl)=O (this condition do not imply periodicity of the signals). 

Then, we will call the system passive if 



18 Chapter 2. Bilateral Control Design Problem Formulation for Haptic Devices 

for all T-periodic trajectories (FM, Fs, VM, us) and for all tl. 

Thus, passivity as a performance measure is seen in terms of energy. That is, the energy 

supplied from the operator to the environment has to be equal as the energy supplied from 

the environment to  the operator. Note that, if the time intervals are chosen really small, this 

concept is more restrictive and better performance can be achieved in terms of energy. 

2.3 Control Algorithms 

The general teleoperation system of Figure 2.3 may lead to many different control schemes. In 

the literature a number of different control schemes have been proposed for telemanipulation 

systems, based on different criteria. In each scheme, stability and performance issues are 

the major concerns. Arcara and Melchiorri [6] provides an overview of the several bilateral 

control schemes proposed in literature. Lawrence [31] presents a general multivariable system 

architecture which includes four types of data transmission between master and slave: force 

and velocities in both directions. He shows that a proper use of all four channels is necessary 

to achieve high performance telepresence in the sense of an accurate transmission environment 

impedance to the operator. He compare different common architectures in terms of stability 

and transparency and he showed that exists trade-off between stability and transparency. 

Figure 2.4 shows the position control architecture 

Figure 2.4: Position control architecture 

where the controller C, 

In this project we consider a special case of the above mentioned architecture: the position 

error (PERR) control architecture depicted in Figure 2.5. The PERR architecture is the same 

as the open loop impedance control in [18], the symmetric servo system in [29] and the force 

reflection in [7] .  
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Figure 2.5: Position Error control a~chiiectwe 

where the forces FM and Fs are generated by the controller C, that is fed by the position 

error e = X M  - xs between the master and the slave. Position and force tracking can only be 

obtained by using high controller gains, which are only possible at  low bandwidths in order 

to prevent instabilities. Because the master and slave are coupled by a (stiff) controller, the 

human operator perceives inertia and damping of both the master and slave device on top of 

the environment impedance. 

An extensive description of the different control architectures for telesurgery is provided by 

Rovers [39]. 
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Chapter 3 

Model-Based Control Design 

Focused on model-based control design within the framework of H, optimization, two criteria 

are going to be studied in more detail using H, approach: the transparency criterion and the 

passivity approach explained in Chapter 2. First, the dynamic model of the available system 

is described. Then, the general H ,  control problem is introduced. Next, we synthesize three 

different controllers using the PERR architecture. 

3.1 Experimental setup 

Figure 3.1: Master (left) and Slave (right) 

For the experimental setup it was chosen that both master and slave devices must be able to 

perform rotational motion. To satisfy the specifications, a special DC motor was chosen as 

actuator of both master and slave. The signals that currently can be measured in the setup 

are positions of both master and the slave, and the force that is acting on the environment. 

For the position measurement, and encoder with 1000 counts per turn is used. For the force 
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measurement a load cell is used. Figure 3.1 shows the resulting master and the slave devices. 

Both systems have been build as a modular platform. This means that the tools connected 

to the motor can be replaced, e.g., the push-button interface for palpation that is connected 

to the master can be replaced by forceps handle. 

For further details about the design and selection of the components that constitute the 

available setup referred to Rovers 1391. 

From now on, the explanations will be based on linear motion despite that the set-up provides 

rotational motion. Thus, forces and linear velocities stands for torques and angular velocities 

respectively. 

3.1.1 Dynamic Model Description 

System identification of the available master-slave device was done by Rovers [39]. He shows 

that both, master and slave systems are very stiff and resonances only occur at frequencies 

far above the region of interest. He concluded that, up to certain frequencies, both master 

and slave systems can be modeled as a simple mass depicted by mM and ms respectively. 

Master and Slave System 

With reference to the PERR control structure of Figure 2.5, the master consists of a mass 

r n M  that is subject to the external forces Fop and FM, where Fop represents the force that 

is applied by the human operator, and FM represents the resulting force of the (master) 

controller. Similarly, the slave consists of a mass ms that is subject to external forces Fenv 

and Fs, where Fen, represents the force that the environment apply to the slave device, and 

Fs represents the resulting force of the (slave) controller. Both the master and the slave are 

represented by Newton's second law 

where X M  and xs denote the displacement of the master and the slave, respectively. 

Human Operator System 

As was mentioned in section 2.2.2, the human operator can be modeled using a dynamic 

expression or can be considered as an external disturbance. A disturbance consideration 

offers to the operator an active role when manipulating the master device, which corresponds 



3.1. Experimental setup 25 

Figure 3.2: Master and Slave system representation 

with the reality. A disturbance is defined as a signal which does not have any relation with 

the states of the system on which it is present. Thus, it seems that no relation between the 

position of the master manipulator and the force of the human operator is possible. However, 

the human's finger can not be considered as a rigid body. It has some stiffness, which implies 

a relation between the position of the master manipulator, XM, and the force of the human, 

F,,. This relation can be highly non-linear but for simplicity, several authors described this 

relation using linear passive dynamical systems. Hence, both definitions do not completely 

correspond to reality. Indeed, the human is a non-rigid active element. 

In this project, the dynamics of the human operator are not considered, and it is assumed 

that the force applied by the operator, Fop, acts as a disturbance. 

Uncertain Environmental  System 

The environment system is modeled as a linear second order mass-spring damper system. 

Taking into account that the tissue properties are highly unpredictable, we consider it nec- 

essary to treat them as uncertainties. That is, the tissue can be viewed as an  uncertain 

dynamical system represented by the equation 

where XT is the tissue displacement, and m r ,  kT and bT represent the mass, the stiffness and 

the damping coefficient of the tissue. 

Two different modes of operation can be distinguished in surgical operations: a 'free mode' 

in which the tissue is not connected to the slave (tip of the instrument), and a 'contact mode' 

in which the slave touches the tissue. When in contact, the slave displacement xs and the 

tissue displacement XT coincide, i.e., 

XT = Xs. (3.3) 

Considering exclusively the contact mode, the master and slave system are linear time- 
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Figure 3.3: Coupled slave and environment system with parameter uncertainty 

invariant (LTI) with transfer functions 

where M(s)  and S(s) results from the equations 3.1, 3.2 and 3.3 mapping {Fop - F M }  ++ 

{ x M }  and {Fs - F,,} H { x S }  respectively. The slave and the environment system can be 

represented like in Figure 3.3, where the inertia, the damping and the stiffness represent the 

uncertain parameters of the tissue. These parameters can vary along time, while palpating a 

tissue, and also along different tissues. 

Two different ways to deal with the uncertainty are presented in this project. First, a fre- 

quency dependent uncertainty, where the nominal plant (Mnm(s), Snm(s)) is bounded by 

some frequency dependent band. That is, 

with l A ~ ( j w )  1 < dM(jw) and ( A s ( j w )  ( < Ss(jw).  

Second, a parametric uncertainty, where the parameters kT and bT are varying inside a 

predescribed box, 

(kT, bT) E %OX C 

Hence, two different controllers are going to be designed, one called the nominal H, controller 

design which deals with the first mentioned type of uncertainty, explained in section 3.3. 

The other one is called LPV controller design, which treats the uncertainty as a parametric 

uncertainty and it is explained in section 3.5. 

The physical parameters are given in Table 3.1, 
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k r  [Nmlrad] I$ [Nmlrad] b? [Nmslrad] b$ [Nms/rad] 

0.1 0.9 0.003 0.1 

Table 3.1: Physical parameters. 

where k:, kb , b$ and b, define the parameter box P = [k, , k$] x [b, , b:] . P is represented 

in Figure 3.4. 

Figure 3.4: Parameter box P 

where the nominal values of kT and bT are taken to  be the averages 

Note that the physical parameters have rotational units due to the rotational motion that the 

set-up provides. 

3.1.2 Control Specifications 

Considering the requirement of providing kinesthetic sensing to the human operator, some 

remarks need to be emphasize: 

A single finger can stand a force up to 7 N without experiencing discomfort or fatigue. For 

that reason, the force applied by the human operator is assumed to satisfy I ~ ~ , ( t )  1 < lON. 

This specification is translated in terms of torques due to the rotational motion that both, 
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master and slave devices, perform. Assuming a distance of 60mm between the rotation point 

of the actuator and the force applied to the master probe, a maximum torque of 0.6Nm is 

required 

The human operator can perform movements up to 10 Hz. The tremor signal is present 

between 8 and 12 Hz. 

Kinesthetic sensing detects frequencies up to 10 Hz. Thus, the bandwidth is required to be 

at least 10 Hz. 

Furthermore, the position error e = z~ - xs is required to be at  most 0.01 rad when the 

maximal force is applied by the operator. 

For further details on the properties of the human operator see Rovers [39]. 

3.2 Robust Control technique: H, control 

Classical control theory has allowed people to  control and automate their environment for 

decades. Classical control is characterized by the use of Root Locus, Bode plots, Nichols 

charts and Nyquist plots for design and analysis. The resulting controller design attempts 

to make the closed-loop system perform as required. On the other hand, modern control 

techniques have allowed engineers to optimize the control system they build for cost and 

performance. However, optimization control algorithms are not always tolerant with the 

unmodeled dynamics of the system to be controlled. Robust control refers to the control of 

uncertain plants with subject to unknown (but bounded) disturbances. 

disturbances 

Figure 3.5: Plant control loop with uncertainty 

Figure 3.5 shows an expanded view of the simple control loop that one can find in classical 

control theory. Uncertainty is shown entering the system in three different places: there is 

uncertainty in the model of the plant, there are disturbances that occur in the plant system, 

and there is noise which is read in the sensor inputs. 

b Y  
e 

b Controller 
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Modern control used to deal with uncertainty using stochastic control, that is, uncertainties in 

the system are modeled as probability distributions. Robust control methods seek to bound 

the uncertainty rather than express it in the form of a distribution. Given a bound on the 

uncertainty, the control can deliver results that meet the control system requirements in all 

cases. It  must be recognized that some performance may be sacrificed in order to  guarantee 

that the system meets certain requirements. 

There are a variety of techniques that have been developed for robust control. This section 

attempts to briefly describe the basic concept of the so-called H, control. 

3.2.1 Standard H,  Control Problem 

In this section we introduce what is known as Hm-optimization as a design tool for linear 

multivariable control systems. In order to be able to perform an H,-optimization, an aug- 

mented plant has to be constructed. Figure 3.6 shows the general control configuration. The 

system block Haug(s) denotes the generalized plant and typically includes the model of the 

plant T(s) ,  i.e., the models of the master and the slave devices (see equation 3.1), together 

with all shaping filters that are needed for characterizing the exogenous inputs w, and weigh- 

ing filters to penalize the exogenous outputs z. 

The block C(s) denotes the controller which has as inputs the measured outputs signals y, 

and as outputs gives the inputs signals u to control the plant. 

Every such admissible controller C(s) gives rise to a closed loop system which maps distur- 

bance inputs w to the to-be controlled output variables z. The A block models the uncertainty 

of the (controlled) system. 

By solving the H, optimal control problem, a controller C(s) is obtained which minimizes 

the H, norm of the closed loop transfer function mapping w to z, i.e., 

llzl12 C(s) = arg inf sup- 
c w llwll2 

where 

is the usual Lz norm of a signal, and C E C where C is the class of linear time invariant (finite 

dimensional) systems that internally stabilize Haug. For any C E C, the output z in (3.5) can 

be represented (in closed loop) as 
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Figure 3.6: Schematic view of the augmented plant 

Let Tci = Cci(Is - A,I ) -~B,~  + DC1 denote the closed loop transfer function, then 

where a,, denotes the maximal singular value and /wl12 denotes the usual two-norm I I w I I ~  = 

Iw(t) 12dt. The norm 11 . /IH, defines the H, norm of the system. 

Several mathematical techniques have been developed to compute Hw-optimal controllers, 

i.e., feedback controllers which stabilize a closed loop system and at the same time minimize 

the H, norm of a closed loop transfer function from w I+ z. The solution presented in this 

report admits a relatively straightforward implementation in Matlab. 

3.3 H, optimal design for transparency 

The term transparency was presented in section 2.2.3, where it was defined in different ways 

by different authors. Considering Lawrence definition 1311: 

where ZOp and Zen, are the linear transfer functions of the transmitted impedance to the 

operator and the environment impedance. The criterion to keep the transparency dose to 
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one for a specified bandwidth can be expressed in terms of the H, norm. This amounts to 

find a stabilizing controller C that minimizes the H, norm 

with C E C, and G denotes admittance. Considering the PERR control structure, C is a 

MIMO system with one input being the position error, e = XM - zs, and two outputs being 

the control efforts FM and Fs. 

In that project, we assume that Fop is equal to F,,. Thus, equation (3.8) can be rewritten 

3.4 Nominal Hw Design 

The first design using the modified transparency criterion explained in the foregoing section is 

the nominal H,  design. Here, the controller C is calculated for a nominal plant with nominal 

values of kT and bT. The PERR structure from Figure 2.5 is equivalent to the following 

scheme: 

Fs S 
+ 

cs 
Env. 

Figure 3.7: PERR structure for a disturbance operator and the coupled environment 

where in that case, the operator is seen as a disturbance, and the environment is coupled 

with the slave. VM, Ve, VS are shaping filters and WM, We, and Ws are weighting functions 

that are designed on the basis of human specifications, limitations of the real setup,and the 
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desired frequency response of the controlled system. The appropriate choices for these filters 

is discussed in the next chapter. The closed-loop transfer function maps w = col(Fop, d, n) to 

z = col(e, FM, Fs) . The H ,  control problem amounts to characterizing 

1lzl12 
y* :=inf sup- 

c w IIw112 

Let C,,, be a nominal controller which achieves y* (or y* + 10-lo if no optimal controller 

exists). 

For the nominal design, Linear Fractional representation of uncertainty is used. Considering 

an additive uncertainty, the nominal plant Snom(s) is bounded by some frequency dependent 

band expressed by Asadd. That is, Asadd defines a bounded band around the nominal plant 

Snom(s) such that the real plant S(s) lies within the bound. This idea is depicted in Figure 

3.8. 

Figure 3.8: Additive Representation of uncertainty 

Once a stabilizing controller C which accomplish 3.8 is obtained, robustness can be checked 

by considering: 

where y* is given and represents the maximum gain of all transfer functions from all exogenous 

inputs w to all exogenous outputs z. 

Notice that these uncertainties are bounded in gain but not in phase. This means that the 

system can be stable even when, for w = wo, IS(jwo) 1 > ISnOm(jwo) 1 + lAsadd(jwo) 1 if the 

phase of S ( j w o )  does not correspond with the critical line for the frequency wo. This idea is 

depicted in Figure 3.4. 
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Critical line 
\ 
\ 
\ 

Figure 3.9: Additive uncertainty Asadd(jw) a t  frequency w = wo (colored area). 

3.5 Linear Parameter Varying (LPV) Design 

A second design based on the transparency criterion is the linear parameter varying (LPV) 

design. A linear parameter dependent plant is defined as in equation 3.12, where A(.), B(.), 

C(.) and D(.) are known functions of some parameter vector p = (pl, p2, ..., pn). 

An affine parameter dependent system is defined as: 

where each uncertainty or time-varying parameter lies within some predefined limits pi E 

Define 

and the corner points of PBOX as 



34 Chapter 3. Model-Based Control Design 

Then, Box is the convex hull of PgGx and it is important to observe that PEcx in a finite 

set. 

The stability is checked using Lyapunov. That is, giving a parameter dependent closed loop 

system defined as 

for p E PBOX, the closed loop system is stable if and only if 

In that case V ( x )  := xTpx is a Lyapunov Function for the uncertain system (3.15). Unfor- 

tunately, (3.15) requires an infinite number of verifications. 

However, if Acl is affine (3.13) in p, with p = [pl, p2, ..., pn], then it suffices to verify, 

3 P > O :  A ~ I ( ~ ) ~ P + P A , ~ ( P ) < O V P E P ~ : X  (3.16) 

which it is a finite test. 

The parameter vector p := col(kT, bT) is assumed to be an uncertain element in a polytopic 

subset P of R:. We will take this to be a box in that 

where k? < k$ and b? < b$ are defined in section 3.1.1. The parameter box P is depicted 

in Figure 3.10. It is easy to see that (3.2), (3.3), (3.17) admits a representation as an affine 

parameter dependent system (3.13). In this way, the teleoperation system is a parameter 

varying system. Consider the transparency criterion adapted to the parameter varying system 

11~112 -yLPV (P) := SUP inf sup - 
p E p  IIwlI2<co 11~112 

where w and z are the exogenous input and to-be-controlled output, respectively, and the 

infimum is taken over all LTI controllers C that stabilize the system for all p E P. Obviously, 

P' c PI1 implies that YtpV(P1) 5 Y L ~ ~ ( P I I ) .  It is important to observe that this formulation 

implies that the resulting controller may depend on the parameter p. This problem can be 

solved explicitly using optimization techniques based on linear matrix inequalities (LMI's) 

[8] provided that the parameter p enters a state space representation of the to-be-controlled 

system in an afine way. In that case, the parameter p may, in principle, be time varying as 

long as it assumes values in the polytope P .  As observed, (3.2), (3.3), (3.17) satisfies this 

requirement. 
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Figure 3.10: Predescribed parameter box P 

3.6 Passive Design using H, Formulation 

A third design is based on the passivity criterion defined in 2.2.3. Its definition was presented 

in equation 2.13. Setting F = col(Fop, Fen,) and v = col(uop, venv) then equation 2.13 can 

rewrite as, 
tl 

1, ~ ~ . v d t = 0 .  (3.19) 

However, the above criterion is non-linear and thus, it can not be directly used as an Hw- 

optimization problem. Using a suitable change of variables, the non-linear problem can be- 

come linear, and hence, suitable for H,. If we introduce a change of variables: 

W2 = 
-Fen, + venv 

2 
(3.20a) 

-Fenv - venv 
z2 = 

2 
(3.20b) 

and set w = col(wl, w2) and z = col(zl, z2) then, the passivity criterion (2.13) is equivalent 

to saying that, 

for all time t and all possible (w, z) that satisfy the system equations. This means that 

the system will be passive if and only if the newly defined port variables w and z satisfy 

llwl12 = 1 1 ~ 1 1 ~  for all possible square integrable trajectories ~ ( t ) *  . v(t). The mathematical 

deduction can be found in the appendix A. In the newly defined variables, w is taken as input 
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and z as output so that the teleoperation system defines a hybrid representation z = Tclw in 

the frequency domain. Using Parseval, the system is then passive if and only if the singular 

values of the closed loop defined by 

a(Tcl(jw)) = 1 (3.22) 

for all frequencies w E R. To achieve this, we synthesized an H,  optimal controller Cp,,,i, 

where the control u = col(FM, Fs) and the measurement y = e = XM - xs are as in the 

previous subsections and z' = col(z, E, FM, FS) with E = Wee the weighted tracking error. 

The input-output relations in Haug are defined by (3.1). Unlike the previous designs, the 

environment defined in (3.2) is now not part of the plant model. 
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Control Design and Results 

In this chapter we synthesize and compare three different controllers using the PERR control 

scheme. The first design is an H, optimal controller that is designed for nominal values 

of kT and br in (3.2) and that is required to be robustly stable against perturbations of the 

environment in the range of the parameter box (3.17). The second design is a linear parameter 

varying design in which the controller explicitly depends on the parameters (kT, bT) that may 

or may not depend on time. Finally, we synthesize a controller based on the passivity criterion 

(2.13). 

4.1 An H, optimal design 

The H,  control design is based on an extension of the PERR configuration as was shown 

in Figure 3.7. To synthesize the controller, the configuration of Figure 3.7 is converted to 

the configuration of Figure 4.1 which coincides with the general control configuration of an 

H, robust control design of Figure 3.6. The bode plot of the plant, T, denoted in Figure 

4.1 as the mapping from {Fop, FM, FS) to {e = XM - xS}, is depicted in Figure 4.2. The 

augmented plant involves an LTI partitioned plant 

where the measurement y = e = XM - xs and the control u = col(FM, Fs) are input and 

output of the controller C, respectively. 

As shown in Figure 4.1, the augmented plant Haug has the exogenous input w = col(d; Fop, 5,) 

and the exogenous output z = col(E, pM, &). Disturbances are represented by d = vsd which 

expresses the position disturbances around the slave plant due to  the uncertain environment. 



38 Chapter 4 .  Control Design and Results 

Figure 4.1: Augmented plant based on Transparency Criterion 

The uncertainty is modeled as a feedback transformation d" = A& where A is an arbitrary 

stable transfer function satisfying llAllHm 5 llr* (explained in section 3.4). Fop = vMFop is 

the frequency weighted force applied to the master device by the human operator where FOP 
is modeled as an external disturbance. Measurement noise from the position error encoders 

has been modeled as n, = Vefi, where fie is an exogenous input. The desired behaviour of 

the exogenous outputs z is modeled by the weighting functions We, WM, and Ws. 

All the above mentioned filters are designed on the basis of human specifications, limitations 

of the real setup, and the desired response of the controlled system. The singular value plots 

of filters are depicted in Figure 4.4. 

Appropriate choices for the input shaping filters are as follows: 

VM (Figure 4 .4 . (a ) )  represents the torque applied by the human operator. Because the 

motions of the human operator are limited to lOHz and the maximal force is assumed to 

be less than ION or, analogously, less than 0.6 N m  (see section 3.1.2) ,  a low-pass filter is 

used as shaping filter. Its transfer function is given by 

which corresponds to a dc gain of approximately 0.06. 
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Figure 4.2: Plant using PERR structure mapping {Fop, FM, Fs) to { e  = XM - X S )  

Ve (Figure 4 .4 . (b ) )  represents measurement noise. The discrete nature of the encoder will 

usually cause high-frequent noise, and therefore, V, is a high-pass filter. We take 

which corresponds to a dc gain of 3.6 . This is because we assume a maximal error 

for the encoder of - rad. 

0 Vs reflects, together with Ws, the additive uncertainty of the slave coupled t o  the envi- 

ronment according to 

where Snom is the nominal slave transfer function of the form 

Asadd represents the additive uncertainty around Snom, and A is any stable transfer function 

satisfying \\Allx, 5 5 with y* being the maximum gain from all exogenous inputs to all 

exogenous outputs (see section 3.2). 
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In order to design Vs, we first need to plot how the uncertainties Asadd look like for different 

values of kT and bT within the parameter box defined by the extremal points kG, k:, bT 

and b:. The corresponding parameter box is showen in table 3.1 and represented in Figure 

4.3(a). Apparently, the worst scenarios that the nominal plant can confront are presented 

in the corners of the box. Thus, the nominal value of the parameters (point A in 4.3(a)), 

together with the corners of the box (points B, C, D, E )  and an arbitrary point F are going 

to be evaluated. Figure 4.3(b) displays the different plants for the points A, B, C, D, E and 

F of the parameter box. These plants are referred to S in (4.1) and their transfer function 

is described in (4.2) replacing kTn,, and bTnom with the values of kT and bT defined by 

the points A, B, C, D, E and F. The nominal plant Snom is represented by the dashed line 

(A). Note that the worst points are B and C. This result is expected since B and C are 

-the least damped situations. 
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(c) Additive uncertainty around the nominal plant (d) Additive uncertainty around the nominal plant 

Snow Fifth order filter Vs (dashed line). S,,,. First order filter Vs (dashed line). 

Figure 4.3: Uncertainty around the slave plant 
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The uncertainty Asdd for the different points is represented in Figure 4,3(c) and (d). Note 

that the nominal plant S,,, is also depicted although it does not represent uncertainty. 

The purpose is to give the reader an idea about the size of the uncertainty with respect to  

the nominal plant. 

The first idea is to design a filter as close as possible to the group of uncertainties while 

covering all of them along the frequencies of interest. First, a fifth order filter Vs is designed 

arid depicted in Figure 4.3(c). It covers the uncertainty properly in the desired frequency 

band, and a t  high frequencies a good shape close to the uncertainties is achieved. However 

a high order filter implies a high order controller C which results in difficulties concerning 

the implementation. Furthermore, there is no need to model the filter as tight as possible to 

the uncertainties if it covers a11 of them at all frequencies of interest. Therefore, a first order 

filter Vs is considered and depicted in Figure 4.3(d). Assuming IIAllH, = 1 (r* = 1) with 

the magnitude of its transfer function being l l y *  in its frequency range (flat spectrum), the 

frequency band uncertainty Asadd is equal to VsWs and depicted in Figure 4.3(c)(d) for a 

given Ws. Note that if the resulting y* is larger than 1, the frequency band uncertainty 

Asadd decreases and thus, it is not guaranteed that the system is robust against all possible 

uncertainties predefined in the parameter box. 

Observe that Vs has to have a high gain in order to comprise all the possible uncertainties. 

Concretely, the gain of the disturbances are in the order of +60%-25% with respect to 

the nominal gain of the slave plant. Thus, the emerging question is whether it is correct 

to consider them as reasonable. We believe that it is not possible to design a robust 

controller for such a great variety of uncertainties. A solution could be to divide the 

current box in small boxes and design a nominal controller for each of these new boxes 

together with a switching mechanism. However, this solution is not implemented in this 

project. Alternatively, the uncertainty could be modelled less conservative by using the 

parametric form as explained at the end of this section. A small value of Vs (Figure 

4.4.(c)) is considered , namely 

0.0001 vs = - 
s + 1 0  

The appropriate choices of the output weighting filters are as follows: 

0 We (Figure 4.4.(d)) weights the position error e. A low-pass filter is used to  penalize 

tracking errors that occur in the frequency range that is relevant for kinesthetic feedback. 

In order to achieve the performance requirement of a maximum error of 0-Olrad for a 

maximal torque of 0.6Nm (see section 3.1.2), a dc gain of at  least 60dB is needed, and 

hence 
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Figure 4.4: Shaping filters (V) and Weighting filters (W) 

0 WM and Ws (Figure 4.4.(e and f ) )  weight the control effort of the master and the slave. 

The controller only needs to provide (low frequency) haptic feedback. Therefore, a high- 

pass filter is used to penalize high frequency components, 

Notice that Ve, Vs, WM and Ws are scaled with respect their corresponding maximal values, 

whereas the filters VM and We are scaled with respect to the input Fop. We could have scaled 

all the filters in the same way, however we did not do it in this project. 
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The controller C,,, is synthesized so as to achieve the performance 

11412 
y := inf sup - 

c IIwI12<, IIw112 

With the mentioned choices of the weighting filters, the minimal achievable closed-loop H, 

norm is y* = 4.18. Decreasing the gain of the filter We, a smallef'y can be achieved, and 

better stability robustness can be obtained. Hence, it can be seen that there exists a trade-off 

between robust stability and performance. 

The bode plot of the nominal controller C,,, = (CMnOm, CSn,,) that satisfies the given y* 

is depicted in Figure 4.5. Observe that the master controller has more gain than the slave 

controller despite the fact that they have similar shapes. This is because the master needs to 

overcome the disturbance Fop. 

.: : : ..::::: : : : . . .  ::.: . : : : : -1:::. .: . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . .  _ . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
' " " ~ ~ "  ' """" ' ' " " . ' l  ' " " ' 1 ' 1  

10-2 10-1 1 oO lo1 lo2 103 10' 
F'requency [Hz] 

Figure 4.5: Master (dashed line) and slave (solid line) controller 

The transparency criterion in the second equation of (3.9) involves the transfer function from 

Fop to e. The bode plot of the closed-loop transfer function mapping the operator force Fop 

to the position error e = XM - xs is depicted in Figure 4.6. 
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Figure 4.6: Bode plot from Fop to position error e 

In order to understand Figure 4.6 we refer to the classical control scheme shown in Figure 

3.5. Indeed, the PERR structure of Figure 3.7 can be written in the form of classical control 

(without considering the filters) as is shown in Figure 4.7. The transfer function that we refer 

to is the process sensitivity, which maps the disturbances at the input of the plant, Fop, to 

the output of the closed loop system, y(= e). This explains the shape of the mentioned bode 

diagram. 

I I 

Figure 4.7: Equivalent PERR in classical control scheme 

where the input e,,~ is assumed to be zero all the time. The open loop from y to e' = e,,f - y 

is given by the transfer function T C,,,, which expression is straightforward from Figure 

4.7. The bode plot of the open loop system, together with the Nyquist plot, is represented in 

Figure 4.8. 
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Figure 4.8: (a) Bode plot and (b) Nyquist plot for the open loop. 

Observe that the open loop system has positive gain and phase margin, and hence the nominal 

closed loop system is stable with a bandwidth of, approximately, 60Hz, which is higher than 

the specification for kinesthetic sensing. 

Figure 4.9: Closed-loop step response Fop I-+ e with controller C,,, 

Figure 4.10.(a) shows the step response of the closed loop transfer function from Fop to e with 

a steady-state error of 0.015rad by a maximum torque of 0.6Nm. The tracking specification 

is not fulfilled but it gets really close to its desired value. Consider now a parabolic force 
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Fop which could be seen as a realistic input when palpating a tissue. The closed loop error 

response for this parabolic input is depicted in Figure 4.10. 

time [sec] 

10 20 30 40 50 60 
time [sec] 

Figure 4.10: Closed loop response with a parabolic input Fop 

Again, a maximal error of 0.015rad is achieved for a maximum torque of 0.6Nm. Thus, the 

specification is just not fulfilled. 

The system will be robustly stable for all uncertainties (4.1) with IIAllH, < l l y* ,  in case the 

uncertainties are conservatively modelled (as only gain bounded but phase can be anything). 

Hence, robust stability of the system is not guaranteed for the target set of uncertainties in 

(4.1). 

Describing the plant as (affine) parameter-dependent on kT and bT, and kT and bT changing 

in the prescribed parameter box defined in 3.1.2, we want to analyze the robustness against 

parameter uncertainty of the closed loop system with the parameter-dependent plant, T, 

and the nominal controller Cnom. Using the command quadstab in Matlab, we can assess 

the quadratic (robust) stability as expressed in (3.16). The closed loop system admits a 

quadratic Lyapunov function if the box P is shrinked to 68.85% of its area around the nominal 

value (point A). Therefore, the controller Cnom achieves (robust) quadratic stability for the 

parameter box 

68.85 
P' = pno, + - (P - pnom) , with pnom = col(kFm , bym) 

100 

that lies inside P. P' is represented in Figure 4.11 by a shaded box. 
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Figure 4.11: Shrinked Parameter box P 

The step response of the master-slave system using C,,, for time-varying tissue parameters 

p ( t )  that vary in a spiral pattern in the prescribed parameter box P' is shown in Figure 4.12. 

To prevent conservatism with respect to uncertainties, we could use Hm-p design to  synthesize 

our system. However, if we assume that the parameters of the environment can be measured, 

then linear parameter varying synthesis can be used to obtain a less conservative design. The 

design and the resulting controller is explained in the next section. 
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Figure 4.12: Step response of the closed loop with C,,, system when kT and bT a vary in 

time along a spiral 

4.2 A linear parameter varying (LPV) design 

We consider the same system as in the previous section, but with the uncertainty (4.1) 

replaced by the more explicit parametric uncertainty described by (3.17) where the extremal 

points are specified in Table 3.1. The augmented plant Paug(p) then becomes dependent of 

the parameter p = col(kT, bT) and this dependence is affine in the matrices of a suitable 

state-space representation of the augmented system. 

This is necessary to synthesize a parameter dependent controller to determine 

-y&v,p := SUP inf sup - 
P E P  ~lwl lz<m Ilw112 

with C E Cstab. and w and z as defined before. The resulting controller CLPV(p)  may explicitly 

depend on p and will be implemented in the PERR structure of Figure 2.5. 

Note that, 

?LOX c ?BOX Y;PV,P~ 5 Y;PV,'P (4.4) 
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In order to assess the robust stability of the affine parameter-dependent system we use the 

command pdlstab in Matlab. It differs from quadstab in that pdlstab uses parameter-dependent 

Lyapunov functions, V(x) := X ~ P ( ~ ) X ,  to establish the stability of uncertain state-space 

models over some parameter range (P in our case). That is, the referred P in (3.16) is, using 

pdlstab, p-dependent in an affine way 

Pdlstab is a useful tool to analyze systems with time-invariant or slowly varying parameters. 

Hence, the resulting robust stability test is less conservative than using the common quadratic 

stability test. 

Considering time-invariant parameters p, the achieved performance measures are 

where P and the shrinked box P' are represented in Figure 4.11. Hence, the performance is 

substantially better for the uncertainty box P' when compared with P, and hence, the robust 

stability for the new prescribed parameter box P' is increased. Figure 4.13 shows the step 

response when the parameters kT and bT are chosen randomly within the new prescribed 

parameter box P'. Note that for a range of parameters in P', the specified maximal error is 

Figure 4.13: Step response of the master-slave system with CLPV when kT and bT are chosen 

randomly 

fulfilled. 
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Assume now a slowly time-varying parameters p(t) = col ( k ~ ( t ) ,  bT (t)) with a rate of variation 

dpi/dt, i = 1 ,2  bounded by 0.01 p(t) in P'. The closed loop system remains stable in the face 

of such slow variations. Figure 4.14 shows the step response when the parameters kT and bT 

vary in time along a spiral within P' with a steady-state value of 0.0107rad which satisfy the 

specification. 

- o . o l ~ " i " i " " i " ' ~  
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 

time (s) 

Figure 4.14: Step response of the master-slave system with CLPV when kT and bT vary along 

a spiral 

4.3 A passive design 

A third controller design is based on the passivity condition introduced in (3.19). To achieve 

passivity, we synthesized an H, optimal controller Cp,,i, for the augmented plant 

where the control u = col(FM, Fs) and the measurement y = e = X M  - x s  are as in the 

previous sections. The exogenous inputs are defined by the vector w and the exogenous 

outputs by z' = col(z, E, FM, FS) with w and z representing the change of variables presented 

in (3.20) and E = Wee being the weighted tracking error. Unlike the previous designs, the 

environment defined in (3.2) is now not part of the plant model. The new augmented plant 

is depicted in Figure 4.15, where T' defines the mapping 
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Figure 4.15: Augmented plant based on passivity criterion 

The controller Cp,, is synthesized so as to achieve the performance 

Ilz'112 yp,, := inf sup - 
c Ilwllz<m llw112 

Again, we need to design the filters represented by Vwl, Vw2, Wzl , Wz2, We, WM and Ws. 

However, the inputs w and outputs z are abstract signals representing linear combination of 

torques plus velocities. Thus, we do not consider to scale them and hence, filters Vwl, VW2, WZ1 

and WZ2 are going to be chosen constant with a value of 1. The other filters will be explained 

later on. 

First, consider the exogenous inputs to be w and the exogenous outputs to be z' = z, i.e., the 

filters We, WM and Ws are set to 0. The passivity condition (3.22) is verified by inspecting 

the closed loop singular values o(Tcl ( jw))  with Tcl being the closed loop transfer function from 

w to z. The closed loop singular values a(Tc l ( jw) )  are 1.00001 and 0.766 for all frequencies 

0 5 w 5 20 Hz which shows that the system is 'approximately passive' for all trajectories in 

the relevant bandwitdh. The optimal value yp,, in this case is 1.01. 

Considering now the design of the filter We. Changing its value, different singular values , 

can be obtained as it is shown in Figure 4.16.(b). Notice that, in all cases, the value of the 
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(a) Singular Values considering only the inputs w and (b) Singular values considering the inputs w and the 

outputs z outputs z,E, changing the filter We:a. We = 0;b. We = 
195.10' 1; c. We = 0.01; d. We = 100; e. We = 

(c) Singular values considering the inputs w and the 
0.7(0 1s+6.8) 

outputs z,E,FM, Fs, with WM = WS = 0~0010s+6~5 

and We = 100 (dashed line) and We = - 

Figure 4.16: Singular Values of te closed loop transfer function with with CpaSs from w to z. 



4.3. A passive design 53 

maximum singular value can not be decreased with respect to the maximum singular value 

represented in Figure 4.16.(a). Hence, we can not achieve the passive condition defined in 

(3.22): where the maximum singular values of Tcl needs to be exactly 1. As a result, in any of 

the cases represented in Figure 4.16.(b) the value of yp,, is decreased but it is kept to 1.01. 

In Figure 4.16.(c), the filters WM and Ws are taken into account. They improve the minimal 

singular value, which gets closer to 1, but does not improve the maximal singular value. 

Furthermore, more outputs are considered and thus more closed loop transfer functions are 

present which may increase the value of yp,,, However, notice that the value of the yp,, 

does not play an important role in this design. That is, ypa, represents the maximal singular 

value of the closed loop from all exogenous inputs w to all exogenous outputs z'. Thus, if we 

define more outputs than only z, T~,,, will be the maximal singular value from w to z'(# z) 

which does not give any information of passivity. 

Hence, apparently the only way to reduce the singular values of Tcl is by reducing the filters 

Vulsand/or WzlS. However we are no able to reduce their values because we do not know the 

meaning behind of the related signals w and z. 

Consider the Bode diagrams of the C,,, = (Cpass.M, Cpass.S) depicted in Figure 4.17 obtained 

by choosing We=lOO. The next step is to prove that the closed loop ,TCln, defined by the 

system T" 
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Figure 4.17: Passive controller Cpass (Cpass.M~Cpass.~) 
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and the passive controller Cp,,, is also passive and stable. However, if the singular values of 

Tcl are not smaller or equal than one, then the passivity of TCln from F to v is not guaranteed. 

Calculating the Tcl" results in a non-minimal realization of the system. Doing its minimal 

realization, the system is stable. The performance is evaluated in terms of energy, i.e., the 

energy supplied in any interval of time by the operator has to be equal to the energy supplied 

by the environment as it is explained in section 2.2.3. Modeling Fop and Few as sinusoids of 

amplitude 0.6 and frequency Irad/s, the relation between the power supplied by the operator, 

pop, and the power supplied by the environment, p,,, is depicted in Figure 4.18. 

Figure 4.18: Power signals 

where it can be seen that the slope between both powers is 45deg, and thus, equal. The 

passivity condition in terms of energy is achieved as it can be seen in Figure 4.19. Note that 

is not a straight line at zero due to some drift in the inputs signals. 
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Passivity 

Figure 4.19: Energy supplied to the system 

The closed loop transfer from Fop e e and F,, e e are depicted in Figure 4.20.(a) and (b) 

respectively. 
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Frequency [Hz] 

(a) Closed loop bode plot mapping from Fop to e 

Frequency [Hz] 

(b) Closed loop bode plot mapping from Fen, to e 

Figure 4.20: Closed loop Bode plots with Cpass mapping (a) Fop +-+ e (b) F,, H e. 

It can be seen that a smaller position error compared with the other controllers can be achieved 

in the frequency range of interest. 

Consider now to describe the plant as ( f i n e )  parameter-dependent plant with kT and bT 

changing in the predescribed parameter box defined in 3.1.2. We want to analyze the robust- 
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ness of the closed loop system with the parameter-dependent plant and the controller Cpass 

against parameter uncertainty. The closed loop system guarantees a quadratic Lyapunov 

function if the box P is shrinked to 0.2% of its area around the nominal value. However, the 

step response for random choice of parameters within P' is stable as it is shown in Figure 4.3. 

Figure 4.21: Step response for the passive design for random parameters within P' 

The steady-state error is about 3.8-10-~rad which satisfy by far the specification. Figure 4.22 

shows the step response when the parameters kT and br vary in time along a spiral within 

P' with the same steady-state value as in the previous figure. 



58 Chapter 4. Control Design and Results 

Figure 4.22: Step response for the passive design when the parameters vary in time along a 

spiral in P' 

4.4 Discussion 

Figure 4.23 shows the step disturbance responses with time varying kT and b~ for the three 

controllers C,,,, CLPV and Cp,,. I t  can be seen that the controller C,,, provides faster 

response to time varying changes of kT and bT than C L ~ V  and Cpa,,. However, the steady- 

state error response of the system controIled by CLPV is better than when controlled by 

C,,,. The passive controller Cpa,, shows faster and damped error response to time varying 

parameter changes with respect to CLpV but it is slower than the nominal controller C,,,. 

The position error provide by the passive controlled system is about a factor lo2 smaller when 

compared to C,,,, CLPV. 
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(b) Step disturbance responses with time varying kT and bT 
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Figure 4.23: Comparison of the step disturbance responses for three controllers with time 

varying kr and bT in a spiral. 
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Chapter 5 

Conclusions and Recommendat ions 

In this project, three different haptic controllers of a Master-Slave systems for minimal invasive 

surgery have been designed and implemented in the Matlab/Simulink environment. The 

following conclusions and recommendations for future research can be made. 

5.1 Conclusions 

The objective of this project was the design of a controlled system that restores the lack 

of haptic (kinesthetic) feedback taking into account that master-slave systems deals with 

uncertainty in the environmental properties. Thus, we consider necessary the use of Robust 

ControI techniques in order to analyze and design these systems. Concretely, H, robust 

control has been used to design three different controllers based on two different performance 

criteria. 

A first performance criterion is based on the so-called transparency where the aim is to track 

forces and positions. For that purpose it has been designed a nominal H, controller, C,,,, 

which minimizes the position tracking error for a, given (bounded) input force. This design 

is robust against linear fractional uncertainties around the slave system. However, it would 

be enquiring to explore the robustness of the nominal controller, C,,,, versus parametric 

uncertainty defined within some parameter box. Accordingly, the plant has been modelled as 

affine parameter dependent on ( k T ,  bT) defined in a parameter box P. Varying the parameters 

within the predescribed box P the nominal controller C,,, is quadratically (robust) stable 

for a new parameter box P' which is the 68.85% of F.  

A second design based on the same performance criterion is the linear parameter varying 

(LPV) design, where the plant is defined as an affine parameter dependent plant and the 

resulting controller, CLPV, may depend also on the parameters. Considering linear time- 
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invariant or slowly-varying parameters, robust stability is guaranteed for the predescribed 

parameter box P. Hence, better robustness is achieved on the basis of the LPV design. 

The second performance criterion is the passivity based performance where it aims to "track" 

the energy supplied by the operator and the energy supplied by the environment. In order to 

design the passive controller, C,,,, a change of variables has been carried out in order to be 

able to implement the passivity condition using H, optimization. It has been shown that the 

passive performance condition is guaranteed. The next step is to determine if this condition 

guarantees kinesthetic sensing but that can only be done by implementing the controller in 

the real set-up. 

Simulations show that in case of time-invariant parameters, the passive design provides with 

less steady state error within the specification with a factor 10' smaller when compared to 

Cnom and CLPV. The LPV design achieves this specification for some parameters ( k T ,  bT) in 

P', whereas the nominal controller does not achieve the specification. The LPV controller 

is less conservative than Cnom and Cp,,, However, CnOm provides with faster response than 

with CLPv and Cpass. 

Finally, some simulations have been executed for slow time-varying parameters when varying 

in a spiral pattern. The nominal controller Cnom provides with faster response compared 

with the CLpV and C,,, but its steady-state error it is outside the specification. The LPV 

controller CLPV provides a better steady-state error than C,,, despite its slower and os- 

cillating response. However, the passive design gives a steady-state error with a factor lo2 

smaller when compared to  CnOm and CLPV. This means that the three designs can be used 

to control time-invariant and slow time-varying parameters guaranteeing certain robustness 

stability and performance. 

5.2 Recommendations 

Concerning the goal of this project, it would be worthwhile to implement the three controllers 

in the real set-up, which are design to provide haptic feedback. For that purpose, it is 

suggested to get more insight on the design of the shaping and weighting filters should be 

perform. Concretely, the weighting filters that characterize the control efforts should have 

more realistic values. In this case, we guarantee less gain in the controllers that makes the 

controller implementation feasible. 

Using the passive design, only one simulation has been carried out in order to extract the 

supplied power. More simulations should be done using different kind of periodical and non- 

periodical signals. Then, prove if the passivity condition is still satisfied. 
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Furthermore, the linear parameter varying design invites to investigate the environment pa- 

rameters identification and to look for different models of the environment. 

Another recommendation is to model the friction of the master-slave system and include 

time-delay in the analysis of the stability and performance of the three designed systems. 

Finally, implementation of the passive design in the real set-up is suggested in order to gain a 

better inside, whether the passivity performance condition guarantees kinesthetic sensing or 

not. This implementation does not required to modify the current set-up because the amount 

of kinesthetic sensing that is perceived by the human operator is quite ambiguous. 
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Appendix A 

Dissipative, Conservative and 

Passive Systems 

Dissipative and Conservative 

Consider a continuous, linear, time-invariant dynamical system C described by its state-space 

representation 

and a quadratic supply function S(u, y), 

Definition The system C with a quadratic supply function S(u, y) is said to be dissipative 

if there exists a positive storage function V : Rn -+ R(V(x) 2 0) such that 

for all to 5 tl and for all u in La. The pair (C, S )  is said to be conservative if the first 

equality holds in (A.3) for all to 5 t l  and for all u. 

Theorem A.O.l Suppose C(A, B, C, D )  is minimal. Then, C is dissipative with respect to 

the supply function S(u, y) being 



if and only if ifK = KT > 0 such that 

That is, L ( K )  has to be semi-negative definite or, equivalently, L (K)  has to have all eigen- 

values in the closed leJt half plane '. Moreover, for any such K ,  the function V ( x )  := xTKx 

is a valid storage function for the system C as it satisfies (A.3) 

Proof Considering the system C in (A.l) with a quadratic storage function V = zTKx  being 

semi-positive definite, and K being symmetric and semi-positive definite, is dissipative with 

respect to a supply function S of the form 

Giving the derivative of V 

and substituting this into the derivative of (A.7), 

d 
- - x ( ~ ) ~ K x ( ~ )  + U ~ ( C X  + Du) + (Cx + D Z L ) ~ U  t 0 

d t  

where L ( K )  relates the inputs, u, and the states, x. Note that L ( K )  change with the supply 

function S(u, y ) .  Stability in terms of Lyapunov is guaranteed as the storage functions are 

Lyapunov functions. Thus, a dissipative system is stab1e.O 

The next theorem presents the frequency-domain inequality satisfied by all dissipative LTI 

systems. 

' L ( K )  gives an idea of the energy that the system absorbs. 
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Theorem A.0.2 If a stable LTI system, C, with transfer function matrix, G ( s ) ,  is dissipa- 

tive with respect to a quadratic supply function 

then 

(A. 11) 

for all w. 

For a supply function of the form expressed in (A.4), the above mentioned theorem can be 

expressed as following: 

Theorem A.0.3 Consider a stable L T I  system C, with minimal realization (A,B,  C,D), and 

transfer function matrix, G ( s )  = =(Is  - A)-'B + D. The LTI system is dissipative i f  and 

only if its frequency response, G(jw), satisfies 

for all w. 

The above mentioned condition (A.5) is equivalent to say that the L T I  system C is positive 

real (PR). 

Passivity 

Considering the change of variables (w, z) = f (F, v )  

with F = ( ) and v = ( :II~ ) then, 
- F e w  

[ : I = : ( :  3 [ I . ] = G [ ~ ]  (A. 14a) 

[ r ]  = G $ ]  (A.14b) 



Consider the quadratic supply function 

and using the change of variables defined in (A.13), the supply function becomes 

(A. 16) 

T T Thus, the supply function S(F, v) = Fopvop - Fenvvenv is equivalent to S(w, z) = w w - z z 

considering w and z as defined in (A.13). 

For T-periodic trajectories we may conclude that, 

and thus, passivity requires that, 

For L2 trajectories we have that, with x(O)=O and a stable system that V F E L2, x E L2 

and hence z(ca)=O. From (A.3) with S(u, y) = ~ ( t ) ~ v ( t ) d t  we thus can conclude that, 

for all L2 trajectories of the system. Then, using the previous, it follows that, 

T ~ l ~ l l %  = Lrn w wdt = 

i.e., the system w z must be all-pass to be passive. 

Stability Issues 

Consider C 



72 Appendix A. Dissipative, Conservative and Passive Systems 

and the change of variables: 

(A. 18) 

Q: State space representation of equivalent system C' mapping w - z. 

A: 

Hence: 
1 1 1 
-(I - D)z = -CX + - ( D +  I)w 
2 2 2 

so that 

= (I - D)-'CX + (I - D)-'(I + D)W - (A.20) 

Similarly, 

(Here we used that 

Hence: 

k = A + B ( I  - D)-'Cx + 2B(I  - D)-'W 
(A.22) 

= (I - D)-WX+ (I - D)-~(I+D)w 

is the transformed system2. 

From this derivation we can conclude that, the stability of C does not guarantee that stability 

of C'. However, if C is dissipative, then C' is stable. 

The above explained definitions were provided by Dr. Siep Weiland. 

 his proof was provided by Dr. Siep Weiland 



Example: Mass-Spring-Damper system 

For the well-known dissipative mass-spring-damper system 

F=mx+bx+kx  

where the system C is described in state-space representation as: 

it is sufficient to guarantee that L(K)  5 0 for any symmetric K 2 0. A suitable choice for a 

Lyapunov function for a mass-spring-damper system is the total energy of the system. That 

is, 
1 1 2  

V ( x ,  x) = -mj.2 + -kx 
2 2 

(A.25) 

Note that the total energy is a quadratic positive definite function of the state of the system. 

In quadratic form, the total energy can be described as: 

where K is a symmetric semi-positive 

Derivating (A.25) 

quadratic supply function for all m and for all b. 

V ( X )  = kT(mj;. + K x )  = k T ( ~  - bk) (A.27) 

where it states that the rate of change of the totaI energy of the system is equal to the 

power input into the system minus the rate of energy dissipated in the system. In order to 

check dissipativity, we can calculate L(K)  and check if it is semi-negative definite. For the 

mass-spring-damper system this is, 

where the damping is the only term is appearing in L. This result is expected due to the fact 

that the damper dissipates energy. 
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This appendix contains the conference paper: "Haptic Feedback Designs in Teleoperation 
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Abstract - One of the major shortcomings of state-ofthe- 

art robotic systems for minimal invasive surgery, is the lack 
of haptic feedback for the surgeon. In order to provide hap- 
tic information, sensors and actuators have to be added to 
the master and slave device. A control system should pro- 
cess the data and make a coupling between slave and master: 

Despite the sign$cant amount of research on haptic devices, 
this control design problem is, largely, an open problem. This 
paper reports the results on three model-based control de- 
signs. Using the formalism of passivity, a robust controller 
has been designed, and is compared to a gain scheduled con- 
troller (LPV) which is adaptable for changes in the tissue 
characteristics. 

Keywords: Haptic feedback, H, control, tele-operation 
systems, passivity. 

1 Introduction 
Robotic tele-surgery is becoming a popular technique for 

certain procedures since benefits of endoscopic techniques 
have become general knowledge. However, one of the ma- 
jor shortcomings of the present generation of tele-operated 
master-slave systems is the lack of haptic feedback; the sur- 
geon that remotely controls the robot is not able to feel what 
is happening inside the patient. 

In order to get a better insight into master-slave systems, in 

this paper we investigate the control design of a haptic device 
considering only kinesthetic sensing. To this end, we focus 
primarily on model-based control design within the frame- 

work of H ,  optimization. Several controller architectures 
have been studied in simulations. Currently, implementa- 
tions are performed and evaluated on a laboratory setup. It is 
a simple one degree-of-freedom setup, consisting of a mas- 
ter manipulator with force feedback and a slave manipulator 
actuated by an ordinary DC motor. Because of the relative 
low-bandwidth requirements (up to say 10 Hz), a relatively 
low sampling frequency can be used; this means that the for- 

ceps can be controlled with relatively simple hardware and 
existing communication protocols. 

*O-7803-8566-7/04/$20.00 Q 2004 IEEE. 

In Section 2 we will give an overview of existing con- 
trol design problem formulations as used in haptics litera- 
ture, and the passivity based performance criterion will be 
introduced. In Section 3 the new optimization problems will 
be solved using model-based robust control design method- 
ology, and simulation results will be shown. In Section 4 an 
application to the 1 dof master-slave system will be shown. 

Main results will be summarized in the form of conclusions 
in Section 5. 

2 Problem formulation 
Figure 1 depicts the general configuration of a controlled 

two-port teleoperation system. M, S and C denote compo- 
nents that are generally referred to as the master, the slave 
and the controller of the system. The master is a mechani- 
cal device that interacts with its environment by means of a 

human operator through the force Fop and the velocity vop. 
Similarly, the slave interacts with its environment through 

the force Fen, and the velocity wen,. It is assumed that M and 
S are given, while the controller C needs to be designed such 
that the two-port system that results from the interconnection 
has a desired behavior. 

Figure 1: General two-port teleoperation system 

2.1 Performance measures 

Besides the fundamental requirement of stability, the ideal 
master-slave manipulator provides perfect transparency. 
That is, the human operator experiences the same forces as if 

helshe is touching the remote environment directly. Yokoko- 
hji and Yoshikawa defined transparency in terms of perfect 
tracking of both forces and positions [14]. Raju describes 
this goal in terms of impedances [9]. On either side of the 



two-port the impedance and the admittance is defined by the 
relations 

In robotic tele-surgery applications a basic requirement is 
good tracking in free space while the slave is in contact with 

a tissue. As a performance measure, [9] suggests that the 

impedance transmitted to the operator, Zop, is the same as the 
environmental impedance Zenv. Another measure of trans- 
parency is given by Lawrence [8] who considered the ratio 
between the transmitted and the environmental impedance 

T = 2 which needs to be kepi close to one over a 

maximum bandwidth. However, in tele-surgery it is often 

more important to be able to detect variations in impedance, 
rather than perceive the exact impedance of the environment. 
Changes in impedance provide valuable information in two 
ways. First, the interaction between instruments and tissue 
can be sensed, for one can feel when a needle punctures 
or leaves a tissue. Second, structures hidden in the tissue, 
like blood vessels or tumors, can be detected by probing the 
tissue. An attempt to formalize this is given in CavugogIu 
where ajdelity criterion is defined as 

Here, W is a frequency dependent weighting filter and An, 
is the nominal environment impedance, 1 1  . 112 denotes the Hz 
norm and differentiation is understood in the sense that the 
impedance ZOp is viewed as function of the environmental 
impedance Zen". The criterion therefore reflects variations in 
impedance. For kinesthetic feedback, a low-pass filter with 

a cutoff frequency of about 40 Hz is used for the weighting 
filter W. See [Ill, [12], 141. 

H ,  optimal performance 

If Zop and Zenv denote the transfer functions of the 
impedances, then the criterion to keep the transparency close 
to one for a specified bandwidth can be expressed in terms 
of the H, norm. This amounts to finding a stabiIizing con- 

troller C that minimizes the H ,  norm 

where W is a frequency weight reflecting the relevant band- 
width. Here, 

where a,,,(.) denotes the maximum singular value, z = 
Zw is the to-be-controlled output and 1 1  w denotes the usual 
two-norm llwllE = JF Iw(t)12dt. 

Parameter varying performance 

For applications in tele-surgery, the kinesthetic sensing of 

a tissue is a main objective. This means that the environment 
can be viewed as an uncertain dynamical system that repre- 

sents the tissue. We will assume that the environment (the 
tissue) is described by 

where XT is the tissue displacement, and m ~ ,  kT and bT 
represent the mass, the stiffness and the damping coefficient 
of the tissue. If the slave is in touch with the tissue the slave 

displacement x s  and the tissue displacement XT coincide, 
i.e., 

X T  = XS. (7) 

The parameter vector p := co l (k~ ,  b ~ )  is assumed to be an 
uncertain element in a polytopic subset P of R:. We will 
take this to be a box in that 

where k; < k$ and b; < b:. In this way, the tele-operation 
system extended with the uncertain model (6),(7),(8) of the 

environment defines a parameter varying system. We con- 
sider the performance criterion 

112112 ytpv (P )  := sup inf sup - 
*GJ o<llwllz<m 11~112 

(9) 

where w and z are the exogenous input and to-be-controlled 
output, respectively, and the infimum is taken over all LTI 
controllers C that stabilize the system for all p E P. Ob- 

viously, P' E P" implies that fPV(Pf ) 5 Y&,~(P''). It 
is important to observe that this formulation implies that the 

resulting controller may depend on the parameter p. This 
problem can be solved explicitly using optimization tech- 
niques based on linear matrix inequalities (LMI's) [3] pro- 
vided that the parameter p enters a state space representation 
of the to-be-controlled system in an afine way. In that case, 
the parameter p may, in principle, be time varying as long as 
it assumes values in the polytope P. 

Performance based on passivity 

A drawback of the impedance based performance crite- 
ria is that they impose an input-output structure in the tele- 

operation system that does not necessarily correspond to the 
physical reality. Indeed, the two-port of Figure 1 has no 'nat- 
ural' input and output structure. Passivity based performance 
criteria consider for each time t the power 

on either side of the two-port'. The two port of Figure 1 is 
said to be conservative if there exists a nonnegative function 

'The sign convention is that power is positive if energy is delivered to 
the system. 



V such that 

for all to 5 tl and for all ( F M ,  FS, U M ,  us) that are com- 
patible with the system. This expresses the existence of a 
conservation law where V ,  the internal energy, is preserved 
at all time and for all possible behavior of the system. Hence, 

passivity requires that the work done on the system, i.e., the 
energy that the operator (environment) supplies to the system 
in any time interval will be equal to the energy the system 
supplies to its environment (to the operator). Note that (I 1) 
implies that for periodic trajectories (FM , Fs , U M  , us) the net- 
flow of energy into the system over each period is zero [5 ] .  

As a modification to the passivity concept, we will call the 

system passive if 

for all ( F M ,  Fs, V M ,  us) under the assumption that V(0) = 

0. A conservative system is passive. However, a passive 
system may not be conservative [16]. 

2.2 Control structure 

The general tele-operation system of Figure 1 may lead 
to many different control configurations. In turn, the perfor- 

mance of the controlled system will crucially depend on the 
bilateral control architecture [I]. In this paper we will con- 
sider the position error (PERR) control architecture depicted 
in Figure 2. The PERR architecture is the same as the open- 
loop impedance control in [4], the symmetric servo system 
in [7] and the force reflection in [2]. In this configuration, 
the forces FM and Fs are generated by the controllers CM 
and Cs, resp., that are fed by the position error e = X M  - x s  
between the master and the slave. Position and force tracking 
can only be obtained by using high controller gains, which 

are only possible at low bandwidths in order to prevent insta- 
bilities. Because the master and slave are coupled by a (stiff) 

controller, the human operator perceives inertia and damping 
of both the master and slave device on top of the environment 
impedance. 
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Figure 2: PERR control architecture (solid) and its extension 
for H, control design (dashed) 

3 Model-based control design 
In this section we synthesize and compare three different 

controllers in the PERR controller architecture. The first one 
will be an H, optimal and robust controller. The second will 
be a parameter varying controller that explicitly depends on 

( kT ,  bT). Finally, we synthesize a controller based on the 
passivity criterion (12). 

3.1 Specifications 

Both the master and the slave are represented by Newton's 
second law 

where X M  and x s  denote the displacement of the master 
and the slave, respectively. For the H ,  and LPV controller 
designs below, the environment is modeled as an uncertain 

mass-spring-damper system as given in (6)-(8). This setting 
leads to two relevant modes of operation: a 'free mode' in 

which the tissue is not connected to the slave and a 'contact 
mode' in which the slave touches the tissue. Here, we will 
exclusively consider the contact mode which is modelled 
by the equations (13),(6),(7),(8) where m~ = 2 x 
ms = 8.5 x loF4, m~ = 1 x Fg], k, = 0.1, 
IC; = 0.9 [Nm/rad], b; = 0.003 and b$ = 0.1 [Nmslrad]. 

Let k y m  := 
k,++k- b;+b- 

T and bym := denote the nominal 
values of kT and bT. The force applied by the human oper- 

ator is assumed to satisfy IFop(t)l < 10 N. The bandwidth 
of the controlled system is based on human kinesthetic sens- 

ing and required to be at least 207r rad [13],[15]. Within the - 

PERR controller structure the position error e = X M  - xs , 

is required to be at most 0.01 rad when the maximal force is 
applied by the operator. 

3.2 An H, optimal design 

The synthesis of an H ,  optimal controller involves the 
partitioned plant 

where the measurement y = e = XM - xs and the con- 
trol u = col(FM, Fs) are input and output of the con- 
troller C ,  respectively. The signals w = col(& Fop, 6,) and 

z = col(d, pM, fis) denote exogenous inputs and outputs 
of the controlled system inferred from the extended PERR 
structure of Figure 2. Here, d := Wee, pM = W M F M ,  
and ps = WsFs denote the weighted position error and 
the weighted control effort of the master and slave forces. 
Furthermore, the uncertainty inferred from the environment, 
restrictions on forces imposed by the human operator and 
prior knowledge - on sensors is - incorporated in the design by 
setting d = Vdd, Fop = VMFop and n, = Ve6, with ap- 
propriate weightings for Vd, VM and Ve. The uncertainty 
of the environment is modelled as an additive uncertainty 

Snom + VMAWs on the nominal slave transfer function 



where llAllHm 5 1. See Figure 2. The controller is syn- 
thesized so as to achieve the performance 

With appropriate choices of the weighting filters, we find 

y* = 3.25 and the corresponding optimal controller Cnom 
is implemented in the PERR structure of Figure 2. 

The Bode plot of the closed-loop transfer function map- 
ping the operator force Fop to the position error e = XM - xs 

is displayed in Figure 3. Figure 4 shows the step response of 

this closed loop transfer with a steady-state error of 0.013rad 
for a maximum torque specified in 3.1. The tracking specifi- 

cation is not fulfilled but is close to its desired value. The re- 

sponse, however, is rather slow. The system will be robustly 

stable against all uncertainties A with IIAllH, 5 lly*. 
Hence robust stability of the system is not guaranteed for 
the targeted set of uncertainties. The controlled system is not 
guaranteed stable for all parameters p E P ,  but it is if the box 
P is shrinked to about 42.7% of its area around the nominal 
value. Hence Cnom achieves robust (quadratic) stability for 
the parameter box 

that lies inside P. (Here, pnom = ~ol(k!j.?~, bym)). The step 

Figure 3: Bode plot from Fop to position error e 

Figure 4: Closed-loop step response Fop H e with enom 

response of the master-slave system for time-varying tissue 

parameters p(t) that vary in a spiral pattern in P is shown in 
Figure 5.a. Although no guarantee for (quadratic) stability 

Figure 5: Step responses with time varying kT and bT with 

a) Cnom, b) CLPV and c) Cpassive. 

can be given for this experiment, the response is still stable. 

3.3 A linear parameter varying design 

We consider the same system as in the previous subsec- 
tion, but with the more explicit uncertainty description (8). 
The plant P,,(p) then becomes dependent of the param- 
eter p and this dependence is, in fact, afJine in the state 
space matrices of a suitable state space representation of the 
augmented system. This is necessary to apply LMI-based 
techniques for the synthesis of a parameter dependent con- 

troller that achieves the performance (9) with w and z as 

before. The resulting controller CLPV(p) explicitly depends 
on p and is implemented in the PERR structure of Figure 2. 
The achieved performance measures are yLpv(P) = 129.15 

and yzPV(Pt) = 16.31. Hence, the performance is substan- 
tially better for the uncertainty box Pt when compared with 

P. Figure 5.b shows the step response when the parameter 
p(t) = col(kT (t), bT (t)) vary along a spiral in P. Figure 
6 shows the step response when the parameter p is captured 
randomly in P. Robustness has been improved on the ba- 

Figure 6: Step responses of the master-slave system for ran- 

dom kT and bT in P 

sis of the LPV plant and the corresponding LPV controller 



CLPV(p). The controller Cnom provides faster responses to 
time varying changes of kT, bT than CLPV (Note the differ- 
ent scalings in Figure 5). However, the steady-state response 
of the system controlled by CLpV is better than when con- 

trolled by Cnom. 

3.4 A passive design 

In this subsection we consider a passive design based on 
the passivity criterion (12). If we introduce a change of vari- 

ables 

Fop  - vop Fenv - venv 
z1 = 

2 ' 
z2 = 

2 
(175) 

and set w = col(w1, w2) and z = col(zl, z2) then one easily 
verifies that the total power pop(t) + penv(t) defined in (10) 
satisfies 

for all time t. Consequently, the passivity criterion (12) is 
equivalent to saying that 

for all possible (w, z )  that satisfy the system equations. This 
means that the system will be passive if and only if the newly 
defined port variables w and z satisfy I I w ~ ~ ~  = 1 1 . ~ 1 1 ~  for all 
possible square integrable trajectories. In the newly defined 
variables, w is taken as input and z as output so that the tele- 
operation system defines a hybrid representation z = Hw 
in the frequency domain. Using Parseval, the system is then 
passive if and only if the singular values 

for all frequencies w E R. To achieve this, we synthesized 
an H, optimal controller CpasiVe for the augmented plant 

where the control u = col(FM, Fs) and the measurement 

y = e = XM - xs are as in the previous subsections and 
z' = col(z, d, FM, FS) with E = Wee the weighted track- 
ing error. The input-output relations in Haug are defined by 
(13). Unlike the previous designs, the environment defined 

in (6) is now not part of the plant model. The passivity con- 
dition (20) is verified by inspecting the singular values of H 
in Figure 7. The closed-loop singular values o(H(jw)) are 

1.0007 and 0.9993 for all frequencies 0 5 w 5 40 rads 
which shows that the system is 'approximately passive' for 
all trajectories in the relevant bandwitdh. For this controller, 
Figure 5.c shows a much faster and damped response to time 
varying parameter changes with a position error that is about 

a factor lo2 smaller when compared to Cn, and CLPv. 

Figure 7: The singular values of the closed-loop transfer 
function from u to y 

4 Experimental setup 
4.1 Experimental setup 

For the experimental setup it is chosen that both master 
and slave device must be able to perform a rotational mo- 
tion. In this way a squeezing and pushing motion can be 
simulated. The specifications of both the devices consists of 
a maximum force level of 10 N at the tip and a bandwidth 
of at least 10 Hz. Assuming a distance of 60mm between 

the rotation point of the actuator and the force applied to the 
master/slave probe, a torque of 0.6 Nm is required. To satisfy 

these requirements, a special DC motor has been chosen as 
actuator for both master and slave. The Maxon RE-40 uses 
a special commutator design, that results in minimal torque 

ripple and a very small inertia. Because of the direct linking 
of probe and motor, the friction in the system is minimal. 

The signals that are necessary for the control algorithms 
are the positions of the two devices and the force that is act- 
ing on the environment. For the position measurement, an 
encoder with 1000 counts per turn is used. For the force 
measurement, a load cell is used in the final design (Kyowa 
LM-2KA), because this is the only sensor that provides accu- 

rate force measurements. Figure 8 shows the resulting master 
and slave devices. Both systems have been build as a mod- 
ular platform. This means that the tools connected to the 

motor can be replaced (e.g. the push-button interface for pal- 
pation that is connected to the master can be replaced by a 
forceps handle). Both DC motors are actuated by a current 
amplifier that is controlled by 
faces. 

a computer using DAC inter- 

Figure 8: master (left) and slave (right) 



4.2 Experiments 

An initial experiment with a PERR control structure has 
been performed with a manually tuned controller. The mas- 
ter system is manipulated by a human operator, the slave is 
pushing against the environment. Time domain results are 
shown in Figure 9, with the position and force tracking. 

; ;; 
L o  

01  

02 
0  0 5  1 14 2  2 5  3 3 5  4 4 5  5  

Pme Iml 

Figure 9: Time domain results of PERR structure 

5 Conclusions 
In this paper we have shown a model-based control design 

approach for haptic devices, comparing various methodolo- 
gies. This includes a new method for inclusion of a passivity 
based criterion into an H, controller design. The passivity 
based controller shows good tracking and robustness prop- 
erties. Future research focusses on improving designs and 
experimentation for various tissues. 
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